A key function of monocytes/macrophages (M) is to present antigens to T cells. However, upon interaction with bacteria, M lose their ability to effectively present soluble antigens. This functional loss was associated with alterations in the expression of adhesion molecules and CD14 and a reduction in the uptake of soluble antigen. Recently, we have demonstrated that Salmonella typhi flagella (STF) markedly decrease CD14 expression and are potent inducers of proinflammatory cytokine production by human peripheral blood mononuclear cells (hPBMC). In order to determine whether S. typhi and soluble STF also alter the ability of M to activate T cells to proliferate to antigens and mitogens, hPBMC were cultured in the presence of tetanus toxoid (TT) or phytohemagglutinin (PHA) and either killed whole-cell S. typhi or purified STF protein. Both whole-cell S. typhi and STF suppressed proliferation to PHA and TT. This decreased proliferation was not a result of increased M production of nitric oxide, prostaglandin E 2 , or oxygen radicals or the release of interleukin-1␤, tumor necrosis factor alpha, interleukin-6, or interleukin-10 following exposure to STF. However, the ability to take up soluble antigen, as determined by fluorescein isothiocyanate-labeled dextran uptake, was reduced in cells cultured with STF. Moreover, there was a dramatic reduction in the expression of CD54 on M after exposure to STF. These results indicate that whole-cell S. typhi and STF have the ability to alter in vitro proliferation to soluble antigens and mitogens by affecting M function.
Monocytes/macrophages (M) and other antigen-presenting cells (APC) play crucial roles in the protection of the host from invading pathogens. Among the most important functions of M and other APC is their ability to take up, process, and present antigens to both naive and memory T cells (11, 17, 31, 57, 58) . Mechanisms of antigen uptake by these cells include phagocytosis, pinocytosis, and macropinocytosis (11, 31, 58) . These processes allow M to take up particulate antigens, such as bacteria, and soluble antigens, including proteins and protein-antibody complexes (31) . Once inside the cells, antigens are processed into smaller peptides in specialized compartments, become loaded onto major histocompatibility complex (MHC) antigen molecules, and are transported to the cell membranes, where they become available for presentation to T cells (11, 17, 31, 57, 58) . Following the binding of MHC antigen-peptide complexes to T-cell receptors, and in the presence of adhesion molecules that increase APC-T-cell interactions and of secondary signals generated by costimulatory molecules (e.g., CD80, CD86, and CD40) and cytokines (e.g., interleukin 1␤ [IL-1␤]), T lymphocytes become activated and mature into memory and effector cells (15, 50) .
Recently, Pryjma et al. (39) showed a reduction in the expression of surface molecules CD14 and CD54 by human M following phagocytosis of many whole-cell bacteria, including Staphylococcus aureus and Salmonella enteritidis. Similarly, Tsuyuguchi et al. (55) demonstrated that human peripheral blood mononuclear cells (hPBMC) incubated with killed complexes of Mycobacterium avium and Mycobacterium intracellulare exhibit decreased CD14 and CD11b expression, which was associated with a reduced ability of the cells to proliferate to both mitogens and the purified protein derivative of tuberculin. Similar results were reported by Gercken et al. (16) , who demonstrated that incubating hPBMC with Mycobacterium tuberculosis results in decreased expression of HLA-DR and a reduced ability of hPBMC to proliferate to mitogens and tetanus toxoid (TT). Taken together, these studies suggest that decreases in T-cell proliferative responses observed following bacterial phagocytosis are the result of alterations in M expression of adhesion and costimulatory molecules that affect T-cell-M interactions and antigen presentation.
The human restricted intracellular pathogen Salmonella typhi, the causative agent of typhoid fever, survives within M by a number of mechanisms, including suppression of macrophage activity (21, 60) . We have shown recently that upon incubation of hPBMC with S. typhi flagella (STF), there is a rapid production of the proinflammatory cytokines tumor necrosis factor alpha (TNF-␣) and IL-1␤ as well as the production of IL-6, IL-10, and gamma interferon (IFN-␥) (64) . Similar to the observations of Pryjma et al. and Tsuyuguchi et al. (39, 55) , we also observed a rapid decrease in the expression of CD14 on the M population following exposure to STF (64) . Based on these observations, we hypothesized that S. typhi, and in particular STF, may suppress in vitro T-cell proliferation to mitogens and specific antigens, as previously reported for other whole-cell bacteria. To this end, we examined the effects of whole-cell S. typhi or soluble purified STF protein on the ability of hPBMC to proliferate to mitogens and to TT and investigated the mechanisms involved.
MATERIALS AND METHODS
Reagents. Indomethacin (IM), ␤2-mercaptoethanol (2-ME), polymyxin B (PMB), bovine serum albumin (BSA), and all reagents used in the Griess reaction were obtained from Sigma Chemical Co. (St. Louis, Mo.). L-Arginine and L-arginine-free medium were obtained from Gibco-BRL (Gaithersburg, Md.).
N
g -monomethyl-L-arginine (NMMA) was obtained from Calbiochem-Behring Corporation (La Jolla, Calif.) and used at a concentration of 50 M. TT was purchased from Wyeth (Marietta, Pa.). Neutralizing monoclonal antibodies to human IL-10 (clone JES3-19F1), TNF-␣ (clone MAB1), and anti-IL-6 (clone MQ2-13A5) were obtained from Pharmingen (San Diego, Calif.). Neutralizing monoclonal antibody to human IL-1␤ (clone MAB201) was obtained from R&D Systems (Minneapolis, Minn.). These neutralizing antibodies were used in our studies at concentrations 10-to 100-fold higher than the amounts required to neutralize 50% of the biological activity of the concentrations of the corresponding cytokines present in culture supernatants of hPBMC following exposure to STF (64) .
Isolation of PBMC from healthy volunteers. PBMC were isolated by density gradient centrifugation over lymphocyte separation medium (Organon-Teknika, Durham, N.C.) from healthy volunteers who had or had not been previously vaccinated with the licensed attenuated S. typhi Ty21a vaccine (Swiss Serum and Vaccine Institute, Berne, Switzerland) following the recommended protocol (four oral doses of ϳ2 ϫ 10 9 to 6 ϫ 10 9 viable CFU/dose over a 7-day period). A total of 15 unvaccinated and 5 vaccinated volunteers were used in these studies. PBMC were aliquoted and frozen in RPMI containing 10% fetal calf serum, and 10% dimethyl sulfoxide with a controlled linear rate freezer apparatus (1°C per min; Planer Biomed, Salisbury, England) to preserve cell viability and maximize cell recovery. The cells were stored in liquid nitrogen until used.
Preparation of STF. STF were purified at the Center for Vaccine Development by a bulk shearing method from the rough S. typhi strain Ty2R (9, 23, 51) . This preparation was further purified over a column of PMB followed by an ENDX-B15 lipopolysaccharide (LPS) removal column (Associates of Cape Cod, Inc., Woods Hole, Mass.) (2, 61) . ENDX-B15 consists of endotoxin-neutralizing protein coupled to a bead matrix. Endotoxin-neutralizing protein has a high affinity for the LPSs of many gram-negative strains (2, 61) . This STF preparation formed a single strong precipitate band with a rabbit anti-Ty2R flagellum antiserum in an Ouchterlony gel, confirming that the protein in the purified preparation was STF. The purity of the 10-mg/ml stock of STF was determined by sodium dodecyl sulfate (SDS)-10 to 15% polyacrylamide gel electrophoresis Tris acetate minigels. PhastGel, gradient media, buffers, and silver stains were purchased from Pharmacia Biotech, Piscataway, N.J., and used according to the manufacturer's instructions. The gels were treated with periodic acid prior to silver staining to oxidize and detect any LPS present in the preparations (54) . The STF preparations used in these studies consisted of a single flagellin band of ϳ55 kDa in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (9) . Less than 24 pg of LPS/ml were present in the purified STF preparation, as determined by using chromogenic Limulus amebocyte lysate kits (Associates of Cape Cod, Inc.) (level of sensitivity, 24 pg/ml).
T-cell proliferation assay. A standard T-cell proliferation assay was used to examine the response to the mitogen phytohemagglutinin (PHA) and TT in the presence of whole-cell S. typhi and purified STF. Briefly, 1.5 ϫ 10 5 PBMC were added in triplicate to the wells of 96-well plates in RPMI 1640 medium containing 10 mM HEPES, 50 g of gentamicin/ml, and 10% heat-inactivated human serum (cRPMI). Antigens were added to the following final concentrations unless otherwise noted: STF, 4 g/ml; TT, 2 g/ml; BSA, 4 g/ml; and the malarial circumsporozoite repeat antigen NANP 50 , 4 g/ml. Whole-cell bacteria were added at 2 ϫ 10 5 particles per well in a final volume of 200 l. IM, 2-ME, and neutralizing monoclonal antibodies to human cytokines were added at the concentrations indicated in Results and the figure legends. The final volume was 200 l/well. The cells were cultured for 2 days (for PHA) or 6 days (for TT) at 37°C and 5% CO 2 , and 1 Ci of tritiated thymidine/well was added. The plates were harvested 20 h later on a Wallac (Gaithersburg, Md.) cell harvester, and incorporated thymidine was measured on a Wallac Trilux Microbeta counter.
Measurement of NO ؊ production and PGE 2 . NO Ϫ was measured by using the Griess reaction (22) . Culture supernatants (100 l) from cells incubated with medium, STF, or TT were added to 100 l of 1% sulfanilamide-0.1% naphthylethylene diamine dihydrochloride-2% H 3 PO 4 and incubated for 10 min at room temperature. The absorbance at 562 nm was measured on an enzyme-linked immunosorbent assay (ELISA) plate reader (Titertech Instruments, Huntsville, Ala.). A serial dilution of NaNO 2 was used as a standard. The limit of detection of this assay was 10 M NO 2 . The production of prostaglandin E 2 (PGE 2 ) was determined with a commercial competitive ELISA kit (R&D Systems) on the same supernatants in which NO Ϫ was measured by the Griess reaction. The limit of detection of this ELISA was 50 pg of PGE 2 /ml. Soluble antigen uptake. The ability to take up soluble antigen was measured with fluorescein isothiocyanate (FITC)-conjugated dextran (molecular weight, 50,700; Sigma). hPBMC (10 6 ) were incubated in the presence of either TT (2 g/ml), STF (4 g/ml), or S. typhi LPS (Difco, Detroit, Mich.) (10 ng/ml) for 24 h preceding the assay in a 24-well plate in a final volume of 1 ml of cRPMI/ well containing 10% heat-inactivated human serum. We have previously observed that a 10-ng/ml concentration of LPS induces strong macrophage activation (64) . The cells were isolated by first removing the nonadherent cells and adding 1 ml of ice-cold phosphate-buffered saline (PBS) containing 10 mM EDTA. The plates were incubated for 10 to 20 min on ice, and the adherent cells were harvested and added to the corresponding nonadherent cells. After being washed, the cells were divided and placed in 2 ml of cRPMI containing 10% human serum, and 1 ml of each cell preparation was placed either at 37°C or on ice for 10 min. One hundred micrograms of FITC-dextran/ml was added to the cultures and allowed to incubate for 30 to 40 min at 37°C or on ice. The cells were then stained with an anti-CD14 allophycocyanin-labeled monoclonal antibody (Caltag, Burlingame, Calif.) for 20 min on ice, washed once with ice-cold PBS, and run immediately on an Epics Elite flow cytometer-cell sorter system (Coulter Corp., Miami, Fla.). Analysis was performed with the WinList software package (Verity Software House, Topham, Maine). The percentages of cells that incorporated FITC-dextran was obtained by subtracting the percentage of cells that incorporated FITC-dextran at 0°C (on ice) from the percentage of cells that incorporated FITC-dextran at 37°C.
Flow cytometry. hPBMC were stained for surface markers after a 24-h incubation in the absence or presence of TT (2 g/ml), STF (4 g/ml), or LPS (10 ng/ ml). Briefly, the cells were collected from the wells as described previously and washed once with PBS (pH 7.4). The cells were then incubated with murine anti-CD54-FITC monoclonal antibody or normal mouse immunoglobulin (Ig)-FITC (Pharmingen) for 30 min at 4°C. The cells were washed twice with PBS (pH 7.4) containing 0.1% sodium azide and fixed with 1% formaldehyde. The samples were run on a Coulter EPICS Elite flow cytometer-cell sorter system and analyzed with the WinList software package.
Statistical analysis. Student's t test was used to compare data among different groups.
RESULTS

S. typhi decreases lymphoproliferative responses to PHA and TT.
To determine whether whole-cell S. typhi and STF were able to alter T-cell proliferative responses, we investigated the effect of whole-cell S. typhi or STF on PHA-induced proliferation of hPBMC. The addition of whole-cell S. typhi decreased by ϳ30 to 60% the ability of T cells to proliferate to PHA (Fig. 1 ). These suppressive effects were observed in both naive individuals and volunteers immunized orally with the S. typhi Ty21a typhoid vaccine (Fig. 1) . Similar effects on PHAinduced proliferation were observed in vaccinated and unvaccinated volunteers when purified STF was added to the wells containing PHA (Fig. 1) . In contrast, the addition of S. typhi LPS (10 ng/ml) exhibited a trend, albeit not statistically significant, to enhance PHA-induced lymphoproliferative responses ( Fig. 1) . Reductions in proliferative responses to PHA were not observed when BSA was added as a control protein (data not shown).
We next examined the ability of hPBMC to respond to the recall antigen TT in the presence of whole-cell bacteria or STF. Killed whole-cell S. typhi, S. aureus, and Shigella flexneri were all able to significantly reduce the proliferative responses of hPBMC to TT (Fig. 2) . We also observed a significant reduction in proliferation to TT when LPS-free STF, as well as S. typhi LPS, was added to the cultures, indicating that both components are able to markedly suppress proliferative responses to TT ( Fig. 2 and 3 ). These responses were observed in naive individuals as well as in volunteers immunized orally with the S. typhi Ty21a typhoid vaccine (Fig. 3) . Addition of the control soluble protein BSA or the malarial circumsporozoite NANP 50 repeat antigen had no effect on proliferation to TT (data not shown).
The observation that the suppressive effects of purified STF were similar in magnitude to those seen with whole-cell S. typhi suggested that STF is a major bacterial component mediating S. typhi-induced suppression of proliferation to TT. Therefore, we focused subsequent studies on the characterization of this STF-mediated phenomenon.
STF-induced suppression of PBMC proliferation to TT is not due to LPS contamination. The ability of STF to reduce T-cell proliferation to TT was similar in magnitude to that observed with S. typhi LPS (10 ng/ml) (Fig. 3) . The fact that our STF preparations had been rigorously purified and found to be LPS free by the Limulus amebocyte assay (sensitivity, 24 pg/ml) made it very unlikely that the observed decrease in T-cell proliferation to TT in the presence of STF was due to contaminating LPS. However, to explore this possibility further, we incubated hPBMC in the absence or presence of TT, LPS, or STF without or with PMB (4 g/ml). PMB is known to bind LPS and inhibit its effects on a variety of cell types (48) . As shown in Fig. 4 , STF and LPS significantly decreased T-cell proliferation to TT. However, PMB was unable to reverse the suppression of proliferative responses induced by STF. On the contrary, PMB reversed the suppression of TT-induced proliferation mediated by S. typhi LPS. When STF and LPS were added together with TT, PMB was unable to reverse the suppression. These results confirm the fact that the suppression induced by STF on hPBMC proliferation to TT was not due to contaminating LPS in STF preparations. FIG. 4 . PMB reverses LPS-induced suppression of PBMC proliferation to TT but not that induced by STF. PBMC were cultured with TT in the presence of STF (4 g/ml), LPS (10 ng/ml) or the combination of STF and LPS alone or with PMB (4 g/ml) as indicated. Shown are results from an individual representative of a total of seven volunteers (five vaccinated, two unvaccinated) evaluated in two independent experiments with similar results. In wells containing TT, the P value is as compared to cells treated with TT alone. SD, standard deviation. STF reduces proliferation to TT in a dose-dependent manner. To determine the minimal concentration at which STF suppresses TT-induced proliferation, hPBMC were cultured in the absence or presence of serial dilutions of STF in the presence of TT. As shown in Fig. 5 , maximum suppression occurs between 0.5 and 2 g of STF/ml. Typically, at the highest concentration tested (8 g of STF/ml) there was a significant decrease in TT proliferative responses, albeit at a lower level. The suppressive effect of STF was lost at concentrations below 0.05 g/ml. These data demonstrate that very low concentrations of STF (50 to 500 ng/ml) are sufficient to significantly decrease the in vitro proliferative responses to TT.
Production of nitric oxide (NO ؊ ) by STF is not responsible for STF-induced suppression of proliferation to TT. Al Ramadi et al. and Huang et al. demonstrated that the suppression of murine T-cell responses to Salmonella typhimurium antigens is due to M production of NO Ϫ (3, 22) . Although production of NO Ϫ by human macrophages is still controversial, consensus for a role for macrophage-derived NO Ϫ in human infection and other diseases is emerging (4, 6, 24, 34, 37, 41, 44, 56, 59) .
To determine whether the suppression observed with STF on TT-induced proliferation of hPBMC is due to the induction of the production of NO Ϫ by M, hPBMC were cultured with TT alone or with STF or STF plus L-arginine in the absence or presence of 50 M NMMA, a competitive inhibitor of NO Ϫ production (Fig. 6) . Moreover, since the production of NO Ϫ is dependent upon the presence of L-arginine in the medium, we further evaluated the role of NO Ϫ production in STF-mediated suppression of TT-induced proliferation by determining whether the absence or presence of low L-arginine concentrations in the medium had any impact on STF-mediated suppression. To this end, we studied the effects of adding increasing concentrations of L-arginine to L-arginine-free RPMI 1640 on STF-mediated suppression of TT-induced proliferation.
As shown in Fig. 6 , the addition of NMMA had no significant effect on restoring the proliferative response to TT suppressed by the addition of STF. Furthermore, we observed that adding L-arginine to L-arginine-free RPMI 1640 up to the levels present in standard L-arginine-containing RPMI 1640 (ϳ200 g/ml) (14), did not significantly alter STF-induced suppression of TT-induced proliferation (Fig. 6) . Of note, all cultures contained low levels of L-arginine (ϳ6 to 23 g/ml) from the 10% human serum-supplemented RPMI 1640 used in these studies (28) . However, it is highly unlikely that M were able to generate NO Ϫ from these very low concentrations of L-arginine in the presence of 50 M NMMA. This concentration of NMMA has been shown to reverse the suppressive effects of NO Ϫ produced by splenocytes obtained from mice injected with S. typhimurium in a primary in vitro plaqueforming cell culture system that involved the use of media containing ϳ130 g of L-arginine/ml (minimal essential medium plus 10% fetal calf serum) (3).
To further explore the influence of NO Ϫ on STF-induced suppression of TT proliferation, the production of NO Ϫ was measured in cell culture supernatants generated in the absence or presence of either TT or STF. The production of nitric oxide was measured by the Griess reaction to detect the NO Ϫ conversion product NO 2 (3) . No production of NO Ϫ above the detection levels of our assay (10 M) was observed in the presence of either of the antigens (data not shown).
Taken together, these results strongly suggest that STF-mediated suppression of TT-induced proliferation is not mediated by the production of NO Ϫ . Production of prostaglandins and oxygen radicals by STF is not responsible for STF-induced suppression of proliferation to TT. Prostaglandins and free oxygen radicals produced by M have been shown to suppress T-cell responses (7, 36) . To determine whether the suppression observed with STF of TTinduced proliferation of hPBMC is due to the production of these M-derived products, hPBMC were cultured with TT alone or with STF alone or with IM, an inhibitor of prostaglandin synthesis, or the free oxygen radical scavenger 2-ME.
As shown in Fig. 7 , nonsignificant reversals of S. typhi-mediated suppression of TT-induced proliferation by hPBMC were observed when IM (5 or 15 g/ml) or 2-ME (10 or 50 M) was added to the cultures. We further explored the possibility that PGE 2 mediates STF-induced suppression of TT proliferation by measuring PGE 2 secretion by hPBMC when exposed to STF or TT. observed in the medium and TT wells, likely due to M activation following adherence to plastic (30) . A significant decrease in PGE 2 production was observed in cultures containing STF compared to that in medium or TT (Fig. 8) . However, no significant differences on PGE 2 production were observed between cells cultured in the absence or presence of TT (Fig. 8) . Taken together, these data indicate that the production of PGE 2 or free oxygen radicals is unlikely to play a significant role in mediating the immunosuppressive effects of STF on TT-induced proliferation by hPBMC.
Failure of neutralizing antibodies to proinflammatory cytokines to restore proliferation to TT. Recently, we demonstrated that incubation of hPBMC with STF causes the rapid production of high levels of the proinflammatory cytokines TNF-␣, IL-1␤, IL-6, and IL-10 (64). To explore the role of these potent immunomodulating cytokines in STF-induced suppression of proliferation to TT by hPBMC, neutralizing monoclonal antibodies were used to block the activities of these cytokines to determine whether their presence in the cultures caused the decrease in TT proliferative responses. As shown in Fig. 9 , the addition of anti-proinflammatory cytokine antibodies (1 g/ml) had no effect on restoring TT-induced proliferative responses. Similarly, the addition of combinations of neutralizing monoclonal antibodies to these cytokines in concentrations up to 5 g/ml per antibody had no effect on reversing STF-induced suppression of TT-induced proliferation (data not shown). These results indicate that the production of high levels of the cytokines TNF-␣, IL-1␤, IL-6, and IL-10 was not directly responsible for the STF-induced suppression of hPBMC proliferative responses to TT.
Soluble-antigen uptake is decreased by STF. The ability of M to take up antigen is critical to their role as antigenpresenting cells. Therefore, we investigated whether STF-mediated suppression of TT-induced proliferation by hPBMC might be the result, at least in part, of a reduced ability of M to take up soluble antigen. To this end, FITC-conjugated dextran (molecular weight, 50,700) was added to cultures which had previously been incubated with either TT or STF for 24 h. Antigen uptake was allowed to occur by incubating the culture at 37°C for 30 to 45 min. As a control, cultures were also incubated on ice, which inhibits the uptake of soluble antigen by M. Compared to the cells incubated on ice (controls), when TT-stimulated hPBMC were incubated at 37°C with the FITC-conjugated dextran, a significant increase in the uptake of soluble antigen was observed (data not shown). Of the cells gated on the "M region" (defined as cells with high forward light scatter versus high side light scatter during flow cytometric analysis) that had been preincubated with TT and exposed to FITC-dextran at 37°C, 49.4% Ϯ 14% stained positive for FITC-dextran (Fig. 10) . However, when the cells were preincubated with STF, only 6.5% Ϯ 9% of the M-gated cells became positive for the uptake of FITC-labeled dextran. LPS was also able to significantly decrease the ability of the M-gated population to take up soluble antigen (Ͻ1% Ϯ 0.2% of FITC-labeled cells). The latter observation is consistent with reports showing a decrease in the phagocytic ability of M after exposure to LPS (49, 63) . Throughout the various repeat experiments, we observed that the ability to take up FITC-labeled dextran was variable from individual to individual and among separate experiments. Since CD54 is a cell adhesion molecule on APC that plays a critical role in specific T-cell activation by enhancing the interactions between APC and T cells through binding to the CD11a-CD18 complex on T cells (47), we examined the expression of CD54 on human M after exposure to STF. As shown in Fig. 11 , there was a significant reduction in the expression of CD54 on human M (e.g., cells gated on the "monocyte region") as compared to cells incubated in the absence (media) or presence of TT. The monocyte region was defined based on the forward scatter versus side scatter characteristics of monocytes, as previously described (45, 64) . In agreement with previous observations (47) , marked increases in the expression of CD54 (compared to cells stained immediately after isolation) were observed as a result of the M activation that takes place during the overnight incubation in medium (Fig. 11) . The observed decreases in CD54 expression by M following incubation with STF suggest that STF-mediated suppression of T-cell proliferative responses to antigens and mitogens is mediated, at least in part, through downregulation of CD54 expression and/or abrogation of the upregulation that follows M activation.
DISCUSSION
In this manuscript we report that STF, as well as wholecell S. typhi, markedly suppress lymphocyte proliferation by hPBMC in response to mitogens (e.g., PHA) and antigens (e.g., TT). These suppressive effects were observed in unvaccinated volunteers as well as in individuals previously immunized orally with the S. typhi Ty21a typhoid vaccine, indicating that STF-mediated effects on TT-induced proliferation are not dependent on the presence of acquired anti-S. typhi-specific immune responses. Moreover, we provide evidence that supports the hypothesis that these phenomena are the result, at least in part, of suppression of antigen uptake and decreased M expression of CD54, leading to diminished antigen presentation.
The results showing that whole-cell S. typhi markedly suppresses proliferative responses to mitogens and antigens are consistent with those of Pryjma et al. showing that whole-cell bacteria (e.g., S. aureus, Escherichia coli, Pseudomonas aeruginosa, and S. enteritidis) suppress the in vitro responses to TT (39) . We have now extended these observations by demonstrating that at least one of the major components on the surface of 
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S. typhi, i.e., STF, at concentrations as low as 50 ng/ml, appears to be responsible for the observed immunomodulatory effects.
It is important to note that the STF-mediated suppressive effects observed in these studies were not due to LPS present in STF preparations. This assertion in based on four independent observations: (i) the levels of LPS added to the cultures at the final concentrations of STF used in these experiments could not have exceeded ϳ1 fg/ml; (ii) unlike the LPS-mediated suppression of TT-induced proliferation, the suppression of TT-induced proliferation mediated by STF was not abrogated by PMB (Fig. 4) ; (iii) as opposed to STF, LPS did not suppress PHA-induced proliferation (Fig. 1) ; and (iv) in contrast to the strong suppression of CD54 expression in activated M mediated by STF (Fig. 11) , LPS is known to markedly increase CD54 expression in M (19, 42) .
To investigate the mechanisms involved in STF-mediated suppression of lymphoproliferative responses, we studied the effects of STF on several of the key phenomena associated with M function. We concluded that production of NO Ϫ , PGE 2 , and free oxygen radicals was not a significant contributor to the STF-mediated suppression of TT-induced proliferation, since we did not observe increased levels of NO Ϫ or PGE 2 in the supernatants of M exposed to STF nor were inhibitors of NO Ϫ , prostaglandins, or free oxygen radical scavengers able to revert the observed suppression. Interestingly, we observed a decrease in the baseline release of PGE 2 in the presence of STF (Fig. 8) . Furthermore, we were unable to show that STFmediated suppression was a result of the production of proinflammatory cytokines, since neutralizing antibodies to TNF-␣, IL-1␤, IL-6, and IL-10 had no effect on the ability of STF to suppress hPBMC proliferation to TT.
Results from our experiments appear to indicate that decreases in T-cell proliferation to TT after incubation with STF are the result of at least two independent mechanisms: (i) reduced antigen uptake and (ii) downregulation of adhesion and costimulatory molecules. Concerning reduced antigen uptake, we speculate that the decreased ability of human M preincubated with STF to take up soluble antigen, as shown by the FITC-dextran experiments, would directly affect the amount of antigen available for presentation. It has been demonstrated that in the presence of high levels of TNF-␣, M and dendritic cells (DC) lose the in vivo ability to present soluble antigen by decreasing their ability to take up soluble antigen (29, 40, 46, 52) . These effects are mediated, at least in part, through downregulation of mannose receptors, which play an important role in antigen capture (40) . Since we previously demonstrated that incubation of hPBMC with STF induces high levels of the proinflammatory cytokines TNF-␣ and IL-1␤ (64), it was therefore conceivable that the high levels of these cytokines induced by STF are partly responsible for the observed effects. However, the fact that neutralizing antibodies to these cytokines did not block STF-mediated effects suggests that STF might mediate their effects through other, yet-undetermined mechanisms that, acting independently of these cytokines, lead to the immunoregulatory responses described above. Interestingly, using S. typhimurium phoP mutants, Wick et al. recently demonstrated that PhoP-regulated gene products have the ability to decrease the processing and presentation of S. typhimurium antigens by macrophages, suggesting a role for this virulence locus in the suppression of the induction of specific immunity (62) .
The second mechanism leading to suppression, i.e., downregulation of important accessory and costimulatory molecules, is supported by our results showing a significant reduction in the expression of CD54 by human M after exposure to STF (Fig. 11 ). These observations with highly purified STF support the hypothesis proposed by Pryjma (39) and Tsuyuguchi (55) based on studies with whole-cell bacteria, that the downregulation of adhesion and costimulatory molecules might lead to decreased cell-cell interactions between M and T cells and diminished proliferative responses. Moreover, although not presented here, this hypothesis is also supported by previous research in our laboratory showing a substantial decrease in the expression of CD14 on human M exposed to STF (64) . Although the decreases in soluble antigen uptake would be unlikely to lead to the reduction in PHA responses induced by STF, the downregulation of adhesion molecules, such as CD54, may explain these observations. In fact, it is well known that T-cell responses to mitogens, such as PHA, is dependent on expression of adhesion molecules on APC (12, 26, 35) . Current studies are directed toward further exploring the effects of STF on M adhesion and accessory molecule expression. Taken together, the results presented in this report suggest that exposure to STF decreases the ability of M to effectively present antigen to T cells.
S. typhi is an intracellular human pathogen known to have profound effects on the functions of the cells it infects. In macrophages, S. typhimurium inhibits the fusion of the phagosome with the lysosome and upon contact with the surface of the cell causes membrane ruffling in both M and epithelial cells (8, 13) . The results presented here showing that purified LPS-free STF decreases PGE 2 production and reduces the ability to take up soluble antigen and the expression of CD54, as well as our previous work showing that STF is a potent inducer of proinflammatory cytokines by human M and that it downregulates CD14 expression (64), clearly indicate that STF profoundly affects M activation, differentiation, and function.
Current research on DC has shown that when human M are cultured in the presence of granulocyte-macrophage colony-stimulating factor and IL-4 followed by TNF-␣, they differentiate into CD14(Ϫ) CD83(ϩ) DC (27, 52, 65) . Work by Sallusto et al. (40) demonstrated that DC incubated with TNF-␣ have a 10-fold decrease in their ability to present soluble TT. Furthermore, the Mycobacterium tuberculosis Calmette-Guérin bacillus has been shown to induce the release of TNF-␣ from cultured DC with a concurrent decrease in the uptake of soluble FITC-dextran (53). These observations suggest that high levels of TNF-␣, such as those induced by STF, can cause changes in M and/or DC differentiation and function which decrease the abilities of these cells to take up and present antigen or that these are concurrent, independent phenomena. Based on our observations that culturing hPBMC with STF causes the rapid and high-level production of TNF-␣, as well as IL-1␤, IL-10, and IL-6 (64), with a concurrent decrease in the expression of CD14 and decreased antigen uptake and CD54 expression, it is conceivable that exposure to STF leads M to differentiate towards DC-like cells.
Recent evidence supports the hypothesis that there are several stages of DC maturation (5). The first stage, called the immature DC, consists of cells in peripheral tissues that have the ability to actively capture and process antigen (5). In the second stage, the cells migrate through blood or lymph to secondary lymphoid organs. These cells have a decreased ability to capture and present antigen, with concurrent alterations in the expression of adhesion molecules. The changes in expression of adhesion molecules are believed to allow these migratory cells to reach lymph nodes and other immune sites. Evidence supporting this hypothesis has been reported with murine and human DC. In mice, Hill et al. have shown that DC isolated from blood express decreased levels of CD54, class II MHC, and B7 in comparison to DC isolated from lymph nodes (20) . In humans, while CD54 is present on mature lymphoid DC, it is not detectable on immature blood-derived DC or Langerhans cells (5, 65) . In the final stage of maturation, "mature DC," the cells reacquire the ability to present antigen very efficiently. The changes observed in the final stage of maturation are thought to be induced by either physical interactions or cytokine signals in the lymph nodes (5) .
In support of this model, Jonuleit et al. have recently demonstrated that the addition of TNF-␣-IL-1␤-IL-6 to cultures of hPBMC-DC derived from granulocyte-macrophage colonystimulating factor-IL-4 induces DC maturation (25) . DC derived in this manner stimulate CD4 ϩ T cells to produce IFN-␥ but not IL-4. Similarly, we have been able to detect the production of IFN-␥ but not IL-4 in STF-stimulated hPBMC (64) . Moreover, Palucka et al. have shown that monocytes readily convert from monocytes to macrophages or DC depending upon the cytokines present (38) . The presence of TNF-␣ and IL-1␤ generated DC with a less stable phenotype, which required a further signal to fully convert to mature DC. While removal of cytokines caused the DC to revert to macrophages, additional cytokines, M-conditioned medium, or the ligation of CD40 fully maturated the cells to efficient antigen-presenting DC (38) . This is supportive of a model in which the environment determines the functional phenotype of the cell. These observations may also explain the variability we observed in our FITC-dextran experiments. Varying cytokine concentrations and/or the kinetics of production of these cytokines or other, still-undetermined phenomena, could alter the degree of maturation of M into DC, leading to variability in the suppression of FITC-dextran uptake in the experiments.
Based on the above discussion, we hypothesize that bacteria and their components, such as STF, might cause human M to differentiate into a stage like that of the migratory stage of DC. This shift towards a migratory cell phenotype might facilitate the migration of these cells into secondary lymphoid tissues. Once the cells reach the lymph nodes and other lymphoid tissues, they might interact with T cells and/or stromal cells and, in the presence of cytokines and other factors in the local microenvironment, differentiate into mature, highly efficient APC. This process would lead to an increased probability of M that had captured antigen in peripheral tissues coming into contact with specific T cells reactive to the antigens being presented.
S. typhi, as well as other intracellular pathogens, may have capitalized upon the process described above. By surviving within M, which subsequently differentiate into migratory cells, S. typhi are carried systematically to the spleen and lymph nodes and throughout the reticuloendothelial system. We speculate that vaccine development can capitalize upon these mechanisms used by S. typhi to spread systemically as well. Attenuated S. typhi is being extensively studied as a carrier of foreign antigens in multicomponent vaccines (1, 10, 18, 32, 33, 43) . These attenuated strains of S. typhi, alone or carrying foreign antigens, have a limited intracellular survival and are not likely to replicate within the host cells for more than a few replication cycles. However, it is likely that by the time that S. typhi organisms stop replicating intracellularly and die, the cells carrying the bacteria would have already delivered S. typhi antigens, as well as the expressed foreign antigens, to secondary lymphoid organs. In this way, vaccines based on attenuated S. typhi would be targeting the foreign antigens to lymphoid sites, where they will be more likely to be presented to specific T cells and other highly efficient APC, thus augmenting the efficacy of vaccination. Further research into M maturation, differentiation, and trafficking induced by bacteria and bacterial components, such as STF, is ongoing to test this hypothesis.
